3 dislocations are formed and the film gradually relaxes by adopting its bulk lattice structure with increasing thickness. The dislocations are distributed irregularly and constitute a poorly controlled relaxation mechanism that can have a catastrophic impact on device performance.
Lanthanum cobaltite (LaCoO 3 , LCO) is a very interesting material in this context, as we have observed a completely new strain-relaxation behavior when grown in epitaxial film forms. LCO has a stable Co 3+ valence state with 3d 6 orbital configuration and rhombohedral crystal structure (a = 5.3781 Å, β = 60.81º
and pseudocubic a pc = 3.8029 Å). 12 More interestingly, thin film LCO has been reported to exhibit a long range ferromagnetic ordering below ~80 K, whereas bulk LCO shows a non-magnetic ground state.
Previous studies commonly observed this magnetic ordering, [5] [6] [7] [8] [9] [10] [11] and some of the studies attributed the magnetic ordering to the epitaxial strain. [5] [6] [7] [8] However, the exact origin of the exotic magnetic properties of
LCO films has not yet been clearly unveiled. It is also known that LCO is a good ferroelastic material
showing spontaneous strain, 13-15 which makes it even more intriguing to study the strong strain coupling of the structural, electronic, ionic, and magnetic properties. In addition, cobalt-based perovskite oxides are promising candidates for ionic conductors and surface catalysts, and the strain can be used as a tool to control the ionic activities as predicted by density functional theory calculations. 16, 17 Therefore, the strain-dependent behaviors can bring new insight for such technological applications as well.
To understand the microscopic origin of the ferromagnetism and the effect of strain, we have grown high quality epitaxial LCO thin films on various substrates: LaAlO 3 (LAO), (LaAlO 3 ) 0.29 (SrAl 0.5 Ta 0.5 O 3 ) 0.71 (LSAT), and SrTiO 3 (STO) to impose different strain states. We systematically characterized the films with various techniques including Z-contrast scanning transmission electron microscopy (STEM), x-ray absorption (XAS), and ellipsometric spectroscopy, complemented by magnetometry and x-ray diffraction (XRD).
XRD results (Figure 1 ) confirmed the excellent epitaxial growth of our films by pulsed laser epitaxy.
Only LCO film and substrate peaks were observed in XRD θ-2θ scans, without any secondary phases ( Figure 1a) . A systematic decrease in the c-axis lattice constant of LCO was observed as the substrate 4 lattice constants increase from LAO (compressive strain ε = -0.3%), LSAT (tensile strain ε = 1.7%) to STO (tensile strain ε = 2.6%), as shown in Figure 1b . Clear Kiessig fringes also assured a good structural quality of the thin films. Figures 1c-1e show XRD reciprocal space maps (RSM) around the substrates' 114 Bragg reflections. In addition to the systematic change in the c-axis lattice constant, all LCO films were coherently grown on the substrates. This indicates that the in-plane lattice constants of all three samples are coherently maintained as their substrate, at least up to a thickness of 30 nm.
Figures 2a, 2b, and 2c show STEM images for LCO films grown on LAO, LSAT, and STO substrates, respectively. Besides testifying to the high quality epitaxial growth with atomically sharp interfaces and surfaces, the images exhibit systematic strain-dependent distinct dark stripes. For the LCO film grown under slight compressive strain on LAO, only a few in-plane stripes were rarely observed ( Figure 2a ). As tensile strain was applied, on the other hand, LCO started to show stripes running perpendicularly to the surface ( Figure 2b ). As the degree of tensile strain increased, more such stripes appeared, eventually forming a fairly regular superstructure (3a 0 periodicity) as shown for the LCO film on STO (Figure 2c ).
Note that the lattice planes of film and substrate are perfectly aligned without developing any misfit dislocations, which would be readily imaged by STEM. We also note that there were a few parts in the film with actual dislocations, but in those parts, the dark stripes were not observed. 24 Note that most of the previous reports of XAS on epitaxial LCO films showed this prepeak, in contrast to our result. 9, 25, 26 From the XAS data, we could put an upper limit of the Co 2+ proportion to the total signal of less than 5%. In addition, usually, the electronic structure changes drastically by even a small compositional change or doping in transition metal oxides. The resulting change can be readily probed by optical spectroscopy, as it is an excellent tool to characterize such a stoichiometry change both qualitatively and quantitatively. 27,28 Figure 3b shows the spectroscopic ellipsometry result for the LCO films. Optical conductivity, σ 1 (ω) of bulk LCO is also shown for comparison. If the LCO films were off-stoichiometric even by a small amount (< 5%), it should result in a drastic change in σ 1 (ω). 27,28 More importantly, σ 1 (ω) in the LCO films should also reveal systematic evolution as the substrate's lattice constant is gradually increased, if the stripe formation were due to oxygen vacancies. However, as shown in Figure 3b , no significant change was observed in σ 1 (ω) of the films, indicating that our LCO films had a good stoichiometry without containing a discernible amount of oxygen vacancies. Based on our two different spectroscopic analyses, we conclude that the oxygen vacancy is not the main cause of the stripe pattern in our LCO films.
Before further discussing the origin and implications of the lattice modulation, we note that the systematic strain dependence of the stripe density suggests a unique mechanism for strain relaxation.
Considering conventional strain relaxation, h c of LCO films on STO and LSAT are about 1.8 and 3.4 nm, respectively, which roughly corresponds to four and eight unit cells. 29 The XRD RSM results, however, excluded any notable macroscopic strain relaxation even though the films were much thicker than the calculated h c . This suggests that a certain type of local structural change should be made to compensate the huge tensile strain. A closer examination of the STEM images showed two distinct regions in the LCO films under tensile strain (Figures 2d and 2e) . I: The structurally uniform region (< ~h c ) close to the interface with the substrate, free from any vertical dark stripes. II: The region (> h c ) with distinct vertical 6 dark stripes. Within this scenario, the near absence of the stripes in the LCO film on LAO is naturally explained by the fact that the corresponding h c of about 26 nm exceeds the film thickness.
Such an unconventional strain relaxation mechanism has not been observed in other materials, and we attribute it to the strong ferroelasticity in LCO. [13] [14] [15] A closer inspection of the STEM image in Figure 2c revealed that the crystal lattice symmetry was only lowered but not destroyed: Both regions are still strained to the substrate -the region I in the conventional sense (i.e. both in XRD and STEM) and the region II only on macroscopic scale (only in XRD). A configuration with conventional strain relaxation with globally contracted in-plane lattice constants would follow only for a much thicker film, 11 and would almost always involve misfit dislocations or other structural defects.
Now, in order to assess the nature of the lattice modulation-induced stripe patterns, we mapped out interatomic distances from the STEM image shown in Figure 2c . structural 3a 0 modulation due to atomic-scale ferroelastic twinning was also previously observed in a mechanically-stressed, polycrystalline stoichiometric LCO, 14,15 strongly supporting our conclusion. We note that future local spectroscopic studies, e.g. electron energy loss spectroscopy, might provide more detailed information on the stripe patterns.
The observed microscopic structural modulation was strongly coupled to the unusual macroscopic ferromagnetic ordering in the LCO films. It is known that an increase of the overall Co-O bond length in an octahedral coordination of only 0.1 Å can change the spin state from low to high spin. 30 In the present case, the Co-O bond length in the tetragonally distorted octahedra was increased by as much as 0.5 Å due to the local lattice distortion (Figure 4c ), which could result in an electronic structure closer to that of a square planar coordination of and STO, respectively. The ratio of the population of tetragonally distorted octahedra between the LCO films on LSAT and STO is about 1.12, which is very close to the ratio in saturation magnetization between the films. Indeed, our experimental finding on ferromagnetism driven by crystallographic symmetry change is highly compatible to a theoretical prediction reported elsewhere, 31 which suggested that the suppression of octahedral rotations in combination with heteroepitaxial symmetry constraints (tetragonal distortion) could stabilize the ferromagnetic ground state. Instead of simple and global inplane lattice expansion, however, our observation points out that the outcome of the tensile strain in ferroelastic LCO is far more sophisticated with local lattice modulation, which should be considered in future study of the material. We also note that mixed spin states have been recently suggested both experimentally and theoretically, 25,26,32 which further support our interpretation and the direct correlation between the local crystal structure and spin state.
In conclusion, we observed the strain-dependent microscopic lattice modulation in LCO epitaxial thin films, which yielded a novel spin state ordering. This observation highlights the collective phenomena in a transition metal oxide, whose physical property is globally modified by a local structural change. 
THIN FILM GROWTH
We used pulsed laser epitaxy to grow LCO thin films on the three different substrates LAO, LSAT and STO. A KrF excimer laser (λ = 248 nm) with a laser fluence of ~1 J/cm 2 was used for ablating a sintered LCO target. Thin film samples (8 -30 nm in thickness) were fabricated at 700 °C in 100 mTorr of oxygen. Although here we do not detail the growth optimization, we note that the oxygen growth pressure is highly critical for synthesizing phase pure LCO thin films. We found that thin films grown at a lower pressure often resulted in unwanted cobalt oxide impurity and/or polycrystalline phases evidenced by x-ray diffraction (XRD).
EXPERIMENTS
The crystal structure of LCO films was examined using XRD (X'Pert, Panalytical Inc.). Figure S1 shows low resolution STEM image for LCO on LAO (left) and LSAT (right). The density of horizontal stripes in LCO on LAO is negligible compared to the vertical stripes found in LCO/LSAT and LCO/STO. This seems to be because the lattice parameter of LAO substrate is much closer to LCO compared to other substrates. In any case, the reduced number of stripes in LCO on LAO explains why the ferromagnetic signal is suppressed in the film. 
DISAPPEARANCE OF MAGNETISM IN LCO FILM ON LAO SUBSTRATE

EXCLUDING TEM SPECIMEN PREPARATION PROCEDURE AS A CAUSE OF THE STRIPE PATTERN
One might argue that exotic contributions, e.g. ionization damage during imaging or milling damage during TEM specimen preparation, could not be simply excluded as the origin of the dark stripes in the LCO films. Such extrinsic cause, however, is unlikely to play a major role due to the fact that the stripe pattern changes systematically with the strain state.
